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We directly observe the hydrodynamic linear response of a unitary Fermi gas confined in a box
potential and subject to a spatially periodic optical potential that is translated into the cloud at
speeds ranging from subsonic to supersonic. We show that the time-dependent change of the density
profile is sensitive to the thermal conductivity, which controls the relaxation rate of the temperature
gradients and hence the responses arising from adiabatic and isothermal compression.
A unitary Fermi gas is a scale-invariant, strongly in-
teracting quantum many-body system, created by tun-
ing a trapped, two-component cloud near a collisional
(Feshbach) resonance [1]. Unitary gases are of great in-
terest [2], as the thermodynamic properties and trans-
port coefficients are universal functions of the density and
temperature, enabling parameter-free comparisons with
predictions. Equilibrium thermodynamic properties of
trapped unitary gases have been well characterized [3, 4].
In contrast, hydrodynamic transport measurements re-
quire dynamical experiments that have been obscured by
the low density near the cloud edges, which leads to free
streaming. For expanding clouds [5, 6], this problem has
been circumvented by employing second order hydrody-
namics methods to extract the local shear viscosity [7, 8],
and is obviated for trapped samples with uniform den-
sity. A normal unitary gas, at temperatures above the
superfluid transition, affords the simplest universal sys-
tem for hydrodynamic transport measurements, as the
transport properties comprise only two parameters, the
shear viscosity η and the thermal conductivity κT , since
the bulk viscosity vanishes in scale invariant systems [9–
11]. Further, measurements in the normal fluid at high
temperature T can be compared with benchmark vari-
ational calculations for a unitary gas in the two-body
Boltzmann limit [12, 13], where
η =
15
32
√
π
(mkBT )
3/2
h¯2
(1)
and
κT =
15
4
kB
m
η, (2)
with kB the Boltzmann constant and m the atom mass.
In this Letter, we report direct measurements of the
hydrodynamic linear response of a normal unitary Fermi
gas of 6Li, confined in a repulsive box potential to create
a sample of nearly uniform density. The trapped gas is
driven by a moving, spatially periodic optical potential of
chosen wavelength λ along one axis z, which moves into
the box at a selected speed v. We measure the response
of the density profile, δn(z, t), as a function of λ and v,
which controls the ratio of the wave frequency ω = 2πv/λ
to the decay rate γκ ∝ κT /λ2 of the temperature gradient
produced by the spatially periodic compression. When
γκ >> ω, temperature gradients relax quickly and sound
waves propagate at the isothermal sound speed. In the
opposite limit, for γκ << ω, temperature gradients relax
slowly and sound waves propagate at the adiabatic sound
speed.
FIG. 1. A unitary Fermi gas, confined in a box, is driven
by a moving spatially periodic potential. (a) The box poten-
tial is created by two 669 nm sheet beams (top/bottom) and
four vertically propagating 532 nm sheet beams; (b) Column
density; (c) Integrated column density in the box potential
showing 1D profile.
In the experiments, Fig. 1, ultracold 6Li atoms, in a
balanced mixture of the two lowest hyperfine states, are
loaded into a box potential U0, comprising six sheets of
blue-detuned light, created by two digital micromirror
devices (DMDs). This produces a rectangular density
profile with dimensions (129× 84× 58)µm, which slowly
varies due to the curvature of the bias magnetic field,
Fig. 1. The average total central density is n0 ≃ 2.6 ×
1011 atoms/cm3. As suggested by Zhang and Yu [14], we
probe the linear response δn(z, t) by employing one of
the DMDs to generate a small, spatially periodic, optical
potential,
δU(z, t) = δU0[1 − ǫ cos(qz − qvt)] θ(vt − z), (3)
which moves through the cloud. Here, q = 2π/λ and ǫ
2is the fractional modulation depth. The Heaviside enve-
lope function θ(vt − z) vanishes inside the box at t = 0.
For the longest wavelength employed in the experiments,
λ = 30µm, δU(z, t) is turned on for 3 periods, after which
the leading edge of the periodic potential is nominally
centered in the density profile, and an absorption image
is recorded to obtain the column density. For the short-
est wavelength, λ = 19µm, 4 periods are used. Instead
of measuring the energy input, as proposed in ref. [14],
we directly measure δn(z, t) from the integrated column
densities. Figs. 2, 3, and 4 reveal significant changes in
the shape of the density response δn(z, t) as the speed
v is varied from subsonic v < c0 to supersonic v > c0,
where c0 is the adiabatic sound speed.
To understand the density profiles arising from the per-
turbation δU , we construct the coupled equations for the
change in the density and for the change in the entropy
per particle. The analysis is simplified for experiments
in the linear response regime, where [15]
∂2t δn− c20 (∂2zδn+ ∂2zδs˜1)−
4
3
η
n0m
∂2z∂tδn =
1
m
∂z[n0(z) ∂zδU + δn ∂zU0(z)], (4)
withm the atom mass, and δs˜1 (scaled to have dimension
of density [15]) obeys
∂tδs˜1 − κT
n0 cV
∂2zδs˜1 =
κT
n0 cV
cP − cV
cP
∂2zδn. (5)
On the left side of eq. 4, the c2
0
terms arise from the
pressure change δp [15]. The η term describes the viscous
forces that set the damping rate γη = 4η q
2/(3n0m) of the
density response to the periodic spatial profile of δU(z, t),
eq. 3. On the right hand side of eq. 4, the first term arises
from the perturbing potential, with n0(z) the background
density, which varies slowly due to the bias magnetic field
curvature. Here, we retain the full spatial variation of
the force per unit volume [15], which vanishes at the box
edges. In the second term, ∂zU0(z) is the force from the
box potential. We determine ∂zU0(z) from ∂zn0(z), with
n0(z) measured in equilibrium [15]. In eq. 5, cV and cP
are the heat capacities per particle at constant volume
and at constant pressure, determined from the measured
equation of state [4, 15].
In addition to the shear viscosity, δn(z, t) carries in-
formation about the thermal conductivity κT , which sets
the relaxation rate, γκ = κT q
2/(n0cV ) in eq. 5, of the
spatially periodic temperature profile that is imprinted
by δU(z, t), eq. 3. For a high speed v, the wave fre-
quency qv >> γκ. Then ∂tδs˜1 dominates in eq. 5 and
δs˜1 ≃ 0, yielding (∂2t −c20 ∂2z )δn on the left side of eq. 4. In
this case, the compression is adiabatic, and sound waves
propagate at the speed c0. In the opposite limit of a low
speed v, the wave frequency qv << γκ. Eq. 5 shows that
∂2zδs˜1 ≃ −(cP − cV )/cP ∂2zn, yielding (∂2t − c2T ∂2z )δn in
eq. 4, with cT = c0
√
cV /cP . Then, the compression is
FIG. 2. Response to subsonic perturbations. Density change,
δn/n0, for a sinusoidal spatial perturbation with λ = 30µm,
moving into the sample at a speed v = λf < c0 for 3 periods
1/f where c0 = 1.3 cm/s; Data (blue dots); Hydrodynamic
model (red curves) for frequencies (a) f = 200 Hz, v/c0 = 0.46
(b) f = 250 Hz, v/c0 = 0.58 (b) f = 300 Hz, v/c0 = 0.69
(d)f = 350 Hz, v/c0 = 0.81.
isothermal and sound waves propagate at the isothermal
sound speed cT [15].
In eq. 4, the adiabatic sound speed c0(θ) =
vF
√
fE(θ)/3, with fE(θ) the measured energy density
in units of 3nǫF/5 [4, 15]. Here, θ = T/TF and kB TF =
mv2F /2 is the local Fermi energy h¯
2[3π2n0(z)]
2/3/(2m).
3We find that c0(θ) = c0[θ0/n˜
2/3
0
(z)] varies very slowly with
n˜0(z) ≡ n0(z)/n0 for a fixed θ0. As the local density
n0(z) is slowly varying, we set c0 = c0(θ0) in eq. 4, with
θ0 evaluated for the average central density n0. In mod-
eling the normal fluid data, c0 is used as a fit parameter
and also as a thermometer for θ0 [15], which determines
cV and cP from fE(θ) and also determines η as described
below.
Our analysis benefits from recent progress in deter-
mining the local shear viscosity of the normal fluid from
hydrodynamic expansion experiments [6, 8]. Extraction
of η is simplified in expansion measurements, because the
temperature gradient is negligible [16] so that the thermal
conductivity κT can be neglected. The most complete
data for the shear viscosity have been obtained from the
aspect ratio of expanding cigar-shaped clouds, measured
at a fixed time t after release from an optical trap as a
function of the cloud energy [6]. As the pressure gradi-
ents along the initially narrow directions are much larger
than for the initially long direction, most of the inter-
nal energy is released transversely, inverting the aspect
ratio, which saturates at large t to a maximum value,
limited by η. The latest hydrodynamic analysis utilizes
an anisotropic pressure model, which properly interpo-
lates between the hydrodynamic behavior in the dense
regions of the cloud and the free streaming ballistic ex-
pansion near the cloud edges [8]. The new analysis yields
an expansion of the local shear viscosity in powers of the
diluteness nλ3T ,
η = η0
(mkBT )
3/2
h¯2
[1 + η2(nλ
3
T ) + ...], (6)
where λT = h/
√
2πmkBT is the thermal wavelength and
n is the total density for a balanced two-component mix-
ture. Fits to the expansion data yield η0 = 0.265(20),
in excellent agreement with the variational result ob-
tained from the two-body Boltzmann equation for a uni-
tary gas, eq. 1, η0 = 15/(32
√
π) = 0.26446 [8]. This
confirms that the data and the analysis properly re-
produce the high temperature limit, which is indepen-
dent of the density. The next order term is indepen-
dent of the temperature, with η2 = 0.060(20), while the
η3(nλ
3
T )
2 term is negligible. Remarkably, the first two
terms fit the expansion data down to temperatures just
above the superfluid transition. We therefore use eq. 6
as in input for eq. 4, taking η/(n0m) ≡ α(θ) h¯/m and
α(θ) = α0 θ
3/2 + α2, with α0 = (3π
2/
√
8) η0 = 2.77 and
α2 = (2π)
3/2η0η2 = 0.25.
For each q = 2π/λ, the response δn(z, t)/n0 is mea-
sured five times for each of several different frequencies,
f ≡ v/λ from 200 to 800 Hz. Typical averaged responses
are shown in Fig. 2 for λ = 30µm and in Fig. 3 for
λ = 19µm. The data are modeled by numerically inte-
grating eqs. 4 and 5.
Fit parameters ǫ, c0, and κT , and δU0, are extracted by
minimizing χ2 in the central region of the data away from
FIG. 3. Response to subsonic perturbations. Density change,
δn/n0, for a sinusoidal spatial perturbation with λ = 19µm,
moving into the sample at a subsonic speed v = λf < c0
for 4 periods 1/f where c0 = 1.3 cm/s; Data (blue dots);
Hydrodynamic model (red curves) for frequencies (a) f = 300
Hz, v/c0 = 0.44 (b) f = 400 Hz, v/c0 = 0.58 (b) f = 500 Hz,
v/c0 = 0.73 (d)f = 600 Hz, v/c0 = 0.88.
the less dense edges. The fits are done one parameter at
a time across all frequencies for a global best fit. This
process is repeated until variation in the parameters no
longer results in improvement. Each parameter affects
distinct features in the shape of the response and can
be dominant in a certain range of frequencies or spatial
4FIG. 4. Response to a supersonic perturbation. Density
change, δn/n0, for a sinusoidal spatial perturbation with
λ = 19µm, moving into the sample at a supersonic speed
v = λf = 1.17 c0 for 4 periods 1/f and f = 800 Hz; Data
(blue dots); Hydrodynamic model (red curves). The thermal
conductivity κT cannot be extracted from the fit of the model
to the supersonic data.
region of the sample. The sensitivity to ǫ is greatest
in the region of the periodic optical potential, while c0 is
dominant in the shape of the leading edges, Figs. 2 and 3.
We find that the model captures both the amplitudes and
shapes of the density response δn(z, t)/n0 for all of the
frequencies, Figs. 2 and 3.
From the χ2 fits with λ = 19µm and with λ = 30µm,
we obtain c0 = 1.30 cm/s, which requires θ0 = 0.50 [15].
The temperature was not further increased, because the
box potential was not strong enough to confine the gas
at significantly higher temperature.
We see that the quality of fits decreases as the speed
approaches the adiabatic sound speed, v/c0 = 0.88, Fig. 3
(d). In the supersonic regime, Fig. 4, we find that the fit
of the linear hydrodynamic model to the density response
is poor, and the thermal conductivity cannot be reliably
extracted from the model for any perturbation moving
faster than the adiabatic sound speed. We estimate that
the hydrodynamic relaxation time is τ = 0.13 ms [15],
which is fast compared to the period of 1.25 ms at the
frequency f = 800 Hz used to observe the supersonic re-
sponse. However, in the supersonic regime, it is possible
that the increasing density gradients produce weak shock
waves, which are not included in our model.
We find that the sensitivity of the response profiles
to kT is most prominent at subsonic speeds, where the
frequency v/λ is less than the relaxation rate γκ =
κT q
2/(n0cV ), which we estimate using eq. 2. With
θ0 = 0.50, we find γκ = 2π × 760 Hz for λ = 19µm
and γκ = 2π × 305 Hz at λ = 30µm. The fits to the
trailing edge of the leading peak rise more sharply for
larger κT , because the density response propagates at
the isothermal sound speed cT < c0 for large γκ and lags
behind the leading peak to cause a larger disturbance.
The fitted thermal conductivity at θ0 = 0.50 for the
unitary Fermi gas can be compared with the variational
calculations [13]. As noted above, the high temperature
limit of the shear viscosity fits the expansion data down
to temperatures just above the superfluid transition. For
this reason, we compare the fitted κT /η to the predicted
high temperature ratio, eq. 2, κT /η = (15/4)(kB/m) for
η given by eq. 1. This ratio holds for the unitary gas
and for an energy-independent s-wave scattering cross
section [13], and is identical to the predictions and mea-
surements for rare gases in the Boltzmann limit [17, 18].
Using the shear viscosity of eq. 1, evaluated for the mea-
sured θ0 = 0.50, the thermal conductivity obtained from
the subsonic fits yields κT /η = 1.16(17)× (15/4)(kB/m),
close to the ratio predicted in the high temperature limit.
In conclusion, we have directly observed the hydrody-
namic response of a unitary Fermi gas subject to a mov-
ing spatially periodic perturbation. The measured den-
sity perturbations validate a linear response model that
incorporates the measured box potential, enabling pre-
dictions beyond the approximation of an infinite medium.
From the low frequency response, we obtain an estimate
of the thermal conductivity of the normal fluid that is
consistent with recent predictions. Future measurements
in improved box potentials will permit studies of the ther-
mal conductivity at higher temperatures for comparison
to the benchmark variational calculations. Further, this
new method will enable measurement of the thermal con-
ductivity and shear viscosity for imbalanced mixtures in
nearly uniform gases, where the relaxation rate and shear
viscosity are predicted to be significantly altered [19].
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Supplemental Material
In this supplemental material, we derive the hydrodynamic linear response model, including the thermodynamics
and the method of determining the forces arising from the box potential.
Hydrodynamic linear response for a normal fluid.
Our analysis is simplified for a normal Fermi gas, which is a single component fluid with a mass density is ρ ≡ nm,
where n is the total particle density (we assume a 50-50 mixture of two components) and m is the atom mass. ρ(r, t)
satisfies the continuity equation,
∂tρ+ ∂i(ρ vi) = 0, (S1)
where a sum over i = x, y, z is implied. The mass flux (momentum density) is ρ vi, with vi(r, t) the velocity field.
The momentum density and corresponding momentum flux ρ vivj obey
∂t(ρ vi) + ∂j(ρ vivj) = −∂ip− n ∂iU + ∂j(η σij), (S2)
Here, −∂ip−n ∂iU is the force per unit volume arising from the pressure p and the externally applied potential U(r, t).
The last term describes the dissipative forces, which arise only from the shear viscosity η, as the bulk viscosity vanishes
for a unitary gas. The shear stress tensor is σij ≡ ∂ivj + ∂jvi − 2δij∇ · v/3. Taking the divergence of eq. S2, and
using eq. S1, we immediately obtain
− ∂2t ρ+ ∂i∂j(ρ vivj) = −∂2i p− ∂i(n ∂iU) + ∂i∂j(η σij). (S3)
6We are interested in the linear hydrodynamic response to a perturbing external potential δU(r, t), which leads to
first order changes in the density δn(r, t) and pressure δp(r, t),
n(r, t) = n0(r) + δn(r, t)
p(r, t) = p0(r) + δp(r, t)
U(r, t) = U0(r) + δU(r, t). (S4)
Here, n0(r) and p0(r) are the equilibrium (time independent) density and pressure arising from confinement in the
box trap potential, U0(r). In equilibrium, the velocity field v0(r, t) = 0 and eq. S2 requires balance of the forces per
unit volume arising from the box trap and the pressure,
−∇p0(r)− n0(r)∇U0(r) = 0. (S5)
Substituting eq. S4 into eq. S3 and retaining terms to first order in small quantities, we obtain
∂2t δn =
1
m
∇2 δp+ 1
m
∇ · [n0(r)∇δU + δn∇U0] + 4
3
η
n0m
∇2∂tδn. (S6)
Here, the second term on the left side of eq. S3 is negligible, as the velocity field is first order in small quantities. To
obtain the last term in eq. S6, we have used the fact that the dissipative force is small compared to the conservative
forces and that the density n0 slowly varies in the region of interest. Then we can ignore the spatial derivatives of
η and n0, taking ∂i∂j(η σij) ≃ η ∂i∂jσij = 4η/3∇2(∇ · v). The velocity field is eliminated using ∇ · v ≃ −∂tδn/n0,
which follows from eq. S1.
We retain the spatial dependence of the driving force per unit volume n0(r)∇δU in eq. S6, to assure that it vanishes
smoothly at the cloud edges. Here, the perturbing potential δU is controlled in the experiments. The force arising from
the box potential −∇U0 is determined from eq. S5, using the equation of state p0[n0(r), T ], where the temperature T
is spatially constant in equilibrium. Then,
∇U0(r) = −
(
∂p0
∂n0
)
T
∇n0(r)
n0(r)
. (S7)
Eq. S7, with (∂p/∂n)T = (cV /cP )mc
2
0
, yields ∇U0(r), from the equilibrium density profile, where cV and cP are the
heat capacities per particle at constant volume and pressure, and c0 is the adiabatic sound speed (see Fig. S1).
To proceed further, we need an expression for the first order pressure change, δp, which is determined from eq. S35
by setting n = n0 and T = T0,
δp = mc2
0
δn+mc2
0
β
T0
cP
n0 δs1. (S8)
As discussed in the thermodynamics section below, the first term in eq. S8 arises from adiabatic compression and in
the second term, δs1 is the first order change in the entropy per particle, with β is the thermal expansivity. Inserting
eq. S8 into eq. S6, we obtain
∂2t δn− c20∇2 δn− c20 βn0
T0
cP
∇2δs1 − 4
3
η
n0m
∇2∂tδn = 1
m
∇ · [n0(r)∇δU + δn∇U0]. (S9)
The evolution equation for δs1 is determined by the heating rate per unit volume, δq˙,
T0(∂t + v · ∇) δs1 = δq˙
n0
, (S10)
where T0 is the initial, spatially uniform, temperature. The heating rate arising from the shear viscosity is second order
in vi, which is negligible compared to the heating rate arising from heat conduction. Hence, δq˙ ≃ −∇ · (−κT∇δT ) ≃
κT∇2δT , where we neglect the spatial derivatives of κT . Here, δT is the first order temperature change, which is
determined from eq. S37 by setting n = n0 and T = T0,
δT =
T0
cV
δs1 +mc
2
0
β
T0
cP
δn
n0
. (S11)
Retaining only first order terms in eq. S10 and using eq. S11, we have
∂tδs1 − κT
n0cV
∇2δs1 = κTmc
2
0
n2
0
cP
β∇2δn. (S12)
7We define δs˜1 ≡ βT0 n0δs1/cP , which has a dimension of density, and take ∇2 → ∂2z in eqs. S9 and S12 to obtain
∂2t δn− c20(∂2z δn+ ∂2zδs˜1)−
4
3
η
n0m
∂2z∂tδn =
1
m
∂z [n0(z) ∂zδU + δn ∂zU0]. (S13)
and
∂tδs˜1 − κT
n0cV
∂2zδs˜1 =
κT
n0cV
cP − cV
cP
∂2zδn, (S14)
where we have used mc2
0
β2T0/cP = (cP − cV )/cV , as shown in below, eq. S33.
For the numerical integration, it is convenient to define the dimensionless variables, δn˜ ≡ δn/n0 and n˜0(z) ≡
n0(z)/n0, where n0 is the average total density. Similarly δs˜10 = δs˜1/n0 = βT0 δs1/cP . Further, we define δU˜(z, t) ≡
δU(z, t)/ǫF0 and U˜0(z) ≡ U0(z)/ǫF0, where the local Fermi energy, evaluated for the density n0, is ǫF0 = mv2F0/2 =
h¯2(3π2n0)
2/3/(2m). In terms of these variables, eqs. S13 and S14 become,
∂2t δn˜− c20(∂2z δn˜+ ∂2zδs˜10)−
4
3
η
n0m
∂2z∂tδn˜ =
v2F0
2
∂z [n˜0(z) ∂zδU˜ + δn˜ ∂zU˜0] (S15)
and
∂tδs˜10 − κT
n0cV
∂2zδs˜10 =
κT
n0cV
cP − cV
cP
∂2zδn˜. (S16)
We show below how the box force −∂zU˜0(z) and the box potential U˜0(z) are determined from the measured density
profile n˜0(z).
For the fits, we take the perturbation to have the form,
δU˜(z, t) = δU˜0
1− ǫ cos[q(z − vt)])
2
1− tanh[(z − vt)/wz ]
2
. (S17)
In eq. S17, δU˜0 is the strength of the perturbation in units of ǫF0 and ǫ is modulation depth in the plane of the atoms.
The last factor is unity for z < vt and vanishes for z > vt, where the width wz (typically a few microns) assures a
smooth transition for the numerical integration.
Thermodynamics
Thermodynamic relations
For later use in determining the pressure change δp and temperature change δT , we begin by deriving the well-
known formula relating the heat capacity at constant pressure cP = T (∂s1/∂T )P to the heat capacity at constant
volume cV = T (∂s1/∂T )V . In the following, we define the volume per particle V1 = 1/n, where n is the local density,
and determine the heat capacities per particle from the entropy per particle s1(p, T ).
cV = T
(
∂s1
∂T
)
V1
= T
(
∂s1
∂T
)
P
+ T
(
∂s1
∂p
)
T
(
∂p
∂T
)
V1
(S18)
Rewriting eq. S18 using the Maxwell relation (∂s1/∂p)T = −(∂V1/∂T )p, obtained from the Gibb’s free energy, we
have
cV = cP − T
(
∂V1
∂T
)
P
(
∂p
∂T
)
V1
. (S19)
This result can be written in terms of the thermal expansivity β,
β ≡ 1
V1
(
∂V1
∂T
)
P
. (S20)
Using dp(V1, T ) = 0, we have (
∂p
∂T
)
V1
= −
(
∂p
∂V1
)
T
(
∂V1
∂T
)
P
=
1
V 2
1
(
∂V1
∂T
)
P
(
∂p
∂n
)
T
(S21)
8In the last step, we have used n = 1/V1 so that (∂p/∂V1)T = −1/V 21 (∂p/∂n)T . Inserting eq. S21 into eq. S19 and
using eq. S20, we obtain the desired relation
cV = cP − β2T
(
∂p
∂n
)
T
. (S22)
For later use, we rewrite the Maxwell relation (∂s1/∂p)T = −(∂V1/∂T )p as
(
∂s1
∂p
)
T
= −βV1 (S23)
and eq. S21, using n = 1/V1 and (∂p/∂T )V1 = (∂p/∂T )n, as(
∂p
∂T
)
n
= β n
(
∂p
∂n
)
T
. (S24)
Next, we relate the isothermal sound speed cT to the adiabatic speed of sound c0,
c2
0
≡ 1
m
(
∂p
∂n
)
s1
. (S25)
c2T ≡
1
m
(
∂p
∂n
)
T
. (S26)
Writing p(n, s1) = p[n, T (n, s1)], we have(
∂p
∂n
)
s1
=
(
∂p
∂n
)
T
+
(
∂p
∂T
)
n
(
∂T
∂n
)
s1
. (S27)
We rewrite the last factor on the right hand side, using ds1(p, T ) = 0 to obtain
0 =
(
∂s1
∂p
)
T
(
∂p
∂n
)
s1
+
(
∂s1
∂T
)
P
(
∂T
∂n
)
s1
0 = −βV1
(
∂p
∂n
)
s1
+
cP
T
(
∂T
∂n
)
s1
, (S28)
where we have used eq. S23 and the definition of cP . Hence,(
∂T
∂n
)
s1
= V1
βT
cP
(
∂p
∂n
)
s1
. (S29)
Inserting eq. S29 and eq. S24 into eq. S27 and using nV1 = 1 then yields(
∂p
∂n
)
s1
=
(
∂p
∂n
)
T
+
β2T
cP
(
∂p
∂n
)
T
(
∂p
∂n
)
s1
. (S30)
With eq. S22, eq. S30 takes the simple form
(
∂p
∂n
)
s1
=
(
∂p
∂n
)
T
+
cP − cV
cP
(
∂p
∂n
)
s1
. (S31)
Using eqs. S25 and S26 in eq. S31, we obtain the well-known result [20]
c2T =
cV
cP
c2
0
. (S32)
Eqs. S26 and S32 then determine β2 from eq. S22 in terms of measurable quantities,
β2 =
cP
cV
cP − cV
mc2
0
T
. (S33)
9Using the results described above, it is easy to evaluate the pressure change δp in terms of the density change δn
and the change in the entropy per particle δs1. Writing the pressure as p(n, s1) = p[n, T (n, s1)], we have
δp =
(
∂p
∂n
)
s1
δn+
(
∂p
∂s1
)
n
δs1
= mc2
0
δn+
(
∂p
∂T
)
n
(
∂T
∂s1
)
n
δs1. (S34)
where we have used eq. S25. With eqs. S24, S26, S32, and the heat capacity per particle at constant volume cV =
T (∂s1/∂T )n, we immediately obtain
δp = mc2
0
δn+mc2
0
β
T
cP
n δs1. (S35)
For the temperature change δT , we write T (s1, n), so that
δT =
(
∂T
∂s1
)
n
δs1 +
(
∂T
∂n
)
s1
δn. (S36)
Inserting eqs. S29 and S25 into eq. S36 and using V1 = 1/n, we find
δT =
T
cV
δs1 +mc
2
0
β
T
cP
δn
n
. (S37)
Unitary Fermi gas thermodynamics
For the unitary Fermi gas, universality [3, 21, 22] requires that the pressure p and the energy density E are functions
only of the density and temperature, related by p = 2 E/3. Dimensional analysis then shows that the energy density
takes the simple form
E = 3
5
n ǫF (n) fE(θ), (S38)
where θ ≡ T/TF is the reduced temperature with TF the local Fermi temperature. For a balanced 50-50 mixture of
two spin components of total density n, the local Fermi energy is kBTF = ǫF (n) = mv
2
F /2 = h¯
2(3π2n)2/3/(2m). The
universal function fE(θ) has been measured by Ku et al., [4], which determines all of the thermodynamic properties.
The pressure is then
p =
2
5
n ǫF (n) fE(θ). (S39)
The entropy density takes a similar form
s = nkB fS(θ) = n s1(θ), (S40)
where fS(θ) is determined by fE(θ).
The adiabatic sound speed eq. S25 is easily obtained from eq. S39, as eq. S40 requires constant θ for constant s1,
c2
0
=
1
m
(
∂p
∂n
)
θ
. (S41)
Eq. S41 immediately gives
c0 = vF
√
fE(θ)
3
. (S42)
Fig. S1 shows how the adiabatic sound speed c0 obtained from the measured equation of state varies with θ.
The heat capacity per particle at constant volume takes a simple form. Using eq. S38,
cV =
T
n
(
∂s
∂T
)
n
=
1
n
(
∂E
∂T
)
n
= kB
3
5
f ′E(θ), (S43)
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FIG. S1. Reduced temperature θ = T/TF versus adiabatic sound speed c0/vF . For θ > 0.25, θ monotonically increases with
c0/vF , showing that the fitted c0/vF can be used as a thermometer to determine θ in the normal fluid region.
where ′ denotes differentiation with respect to θ.
We determine heat capacity per particle at constant pressure from eq. S22 by finding β from eq. S24. Using
eq. S26 and S32, we have generally
β =
1
n
(
∂p
∂T
)
n
1
mc2T
=
cP
cV
1
mc2
0
1
n
(
∂p
∂T
)
n
. (S44)
For the unitary Fermi gas, where p = 2 E/3, eq. S43 shows that (∂p/∂T )n = 2ncV /3 and
βUG =
2
3
cP
mc2
0
. (S45)
Then, eq. S22 reduces to
cP − cV = 4
9
T
mc2
0
cV cP . (S46)
With mc2
0
= 2 kBTF fE(θ)/3 from eq. S42, eq. S46 takes the simple form
cP − cV
cV cP
=
1
kB
2
3
θ
fE(θ)
. (S47)
Solving eq. S47 for cP , and using cV from eq. S43, then determines
cP
cV
=
fE(θ)
fE(θ)− 25θ f ′E(θ)
. (S48)
Determination of the box force
We find the force arising from the confining potential along one axis z, using the measured density profiles n0(z).
We ignore the variation of the density along the line of site and find n0(z) from the spatially integrated column density,
which is obtained from absorption images. Using eq. S7 with (∂p/∂n)T = (cV /cP )mc
2
0
from eq. S32 and eq. S26,
∂zU0(z) = −mc20[θ(z)]
cV [θ(z)]
cP [θ(z)]
∂zn0(z)
n0(z)
. (S49)
Here, c0 is given by eq. S42 and cV /cP is given by eq. S48. As ∂zU0(z) is independent of the scale of n0(z),
we find ∂zU0(z) from the the scaled density n˜0(z) = n0(z)/n0, where n0 is the mean central density. Note that
the thermodynamic parameters depend only on the reduced temperature θ(z) = θ0/[n˜0(z)]
2/3, where we determine
θ0 = T0/TF (n0) from the fitted adiabatic sound speed c0.
11
For the numerical integration, we express U0 in units of ǫF0, U˜0(z) ≡ U0(z)/ǫF0 . From eq. S42, we have mc20(θ) =
mv2F fE(θ)/3 = 2 ǫFfE(θ)/3. With ǫF /ǫF0 = [n˜0(z)]
2/3 and eq. S48, we find
∂zU˜0(z) = −2
3
[
fE(θ) − 2
5
θf ′E(θ)
]
∂zn˜0(z)
[n˜0(z)]1/3
, (S50)
which is also obtained from eq. S7 by evaluating (∂p/∂n)T directly from eq. S39. To evaluate the derivative ∂zn˜0(z)
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FIG. S2. Measured background density n0(z) (blue dots) versus z in µm, showing the fit of eq. S51 (red curve).
on the right hand side of eq. S50, we first fit n˜0(z) = n0(z)/n0 with an analytic function,
f(z) =
tanh[(z − z10)/w1]− tanh[(z − z20)/w2]
2
∑
n
an z
n. (S51)
The difference of the tanh functions produces a top-hat shape of nominal width z20 − z10 and slopes on each side
determined by w1 and w2. The flat top is modulated by the multiplying polynomial. Fig. S2 shows a typical fit using
a fifth order polynomial.
Eq. S50 then yields the force profile, −∂zU˜0(z), Fig. S3(a). The corresponding box potential is then U˜0(z) =∫ z
0
dz′ ∂z′ U˜0(z
′), Fig. S3(b).
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FIG. S3. Box force profile (a) determined from the measured background density n0(z) using eq. S50; (b) Corresponding box
potential energy in units of ǫF0 obtained by integrating the force. Note that the curvature at the bottom of the box potential
energy arises from curvature in the bias magnetic field, which produces a confining harmonic potential.
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Hydrodynamic relaxation time
The local shear viscosity can be written as η = τp [7, 8], where p is the pressure and τ is the hydrodynamic
relaxation time. We estimate τ for the unitary Fermi gas using eq. S39 for p and
η = h¯ n (α0 θ
3/2 + α2), (S52)
with n the local density, α0 = 2.77 and α2 = 0.25 [8], as discussed in the main paper. Then with τ = η/p,
τ =
5
2
τF
α0 θ
3/2 + α2
fE(θ)
, (S53)
where τF = h¯/ǫF is the Fermi time. For our experiments, where ǫF ≃ kB × 0.15µK and θ ≃ 0.5, we find τ = 0.13 ms,
which is small compared to the period at the highest frequency of 800 Hz that is employed in the experiments.
